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ABSTRACT 

The  application  of  spontaneous  Raman,  CARS  and  LDV  techniques  to 
a  wide  spectrum  of  flow  fields  confirms  the  basis  hypothesis, 
that  these  laser  based  diagnostic  techniques  have  a  very  wide 
range  of  applicability  and  can  be  instrumental  in  providing  ex¬ 
perimental  data  in  friendly  as  well  as  hostile  environments 
unobtainable  by  conventional  means.  The  data  can  be  obtained  non- 
intrusively  and  remotely. 

I.  INTRODUCTION 

As  is  well  known,  the  final  performance  of  a  system,  can 
seldom  exceed  the  performance  of  its  component  building  blocks. 

It  is  therefore  essential  for  the  sake  of  performance  of  the  com¬ 
plete  system  to  optimize  the  design  and  performance  of  the  indi¬ 
vidual  building  blocks  of  the  given  system.  While  this  is  a  gen¬ 
erally  accepted  practice,  it  is  particularly  true  in  the  design 
and  ultimate  performance  characteristics  of  propulsion  and  combus¬ 
tion  systems . 

While  many  computer  codes  have  been  developed  dealing  with  com¬ 
bustion  and  propulsion  devices,  it  must  be  remembered  that  most 
theoretical  models  are  idealized  and  their  reliability  can  only  be 
verified  by  proper  measurements. 

In  some  cases  the  parameters  necessary  to  evaluate  a  given 
model  must  be  determined  experimentally.  If  this  is  impossible 
these  parameters  are  generally  assumed.  Furthermore,  comparison  of 
computed  and  measured  over-all  performance  of  a  given  device  is  an 
insensitive  test  for  the  correctness  of  the  model  (Ref.  1)  and  does 
not  permit  the  self-identification  of  the  specific  reasons  for  the 
discrepancies  that  may  exist.  Many  factors  may  adversely  affect  the 
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performance  of  devices  based  on  combustion  and  flow  properties 


Among  these  the  boundary  layers,  turbulence,  insufficient  mixing 


inadequate  combustion,  fluctuation  due  to  combustor  instabilities 


etc.  may  cause  undesired  and  sometimes  unexpected  results,  which 


may  be  detrimental  in  terms  of  the  over-all  system  performance 


It  is  therefore  not  only  desirable  but  almost  imperative  to  have 


adequate  measurement  capabilities  not  only  at  each  building  block 


these  measurement  capabilities  must  have  sufficient  spacial  and 


temporal  resolution,  must  be  specific,  and  most  importantly  must 


be  nonintrusive .  These  can  only  be  achieved  by  means  of  optical 


diagnostics.  The  development  of  the  latter,  for  flow  fields  under 


adverse  environmental  conditions  as  encountered  in  a  number  of 


propulsion  devices,  has  been  the  aim  of  continuing  investigations 


for  a  number  of  years  in  the  Aerodynamics  Laboratories  of  the  Poly 


technic  Institute  of  New  York,  and  many  other  laboratories,  and 


have  been  supported  by  Project  SQUID.  As  a  consequence  of  these 


efforts  the  laser  based  diagnostic  techniques  consisting  of  spon 


taneous  Raman  scattering,  coherent  anti-Stokes  Raman  scattering, 


laser  Doppler  velocimetry  eto.  have  been  developed.  Some  of  these 


techniques  provide  the  experimentalist  with  capabilities,  which 


were  only  a  short  time  ago  considered  impossible.  Among  the  measure 


ments  possible  using  the  previously  mentioned  laser  techniques,  are 


the  remote  simultaneous  and  instantaneous  measurement  of  specie  con 


centration  and  temperature  at  a  point  in  the  flowfiled,  the  velocity 


at  that  point,  and  the  derived  variables  such  as  turbulence  intensity, 


concentration  and  temperature  fluctuation,  as  well  as  correlation  and 


In  this  report  a  summary  of  some  of  the  developments  in  our 


laboratory  in  terms  of  the  measurables  and  some  typical  data  ob 


tainable  using  the  available  equipment  is  presented 


II.  THEORETICAL  BACKGROUND 


The  theoretical  background  of  the  Raman  scattering  techniques 


as  well  as  the  laser  Doppler  velocimeter  techniques  is  presented 


adequately  in  Refs.  8-15.  It  is  therefore  sufficient  here  to  recall 


the  basic  governing  equations  concerning  specie  concentration  and 


temperature  measurements  by  means  of  the  Raman  effect  and  velocity 


measurements  by  means  of  the  LDV  techniques.  Thus,  the  concentration 


of  a  given  specie  in  a  mixture  may  be  obtained  from  the  intensity  of 


the  vibrational  Stokes  or  or  anti-Stokes  line  of  the  scattered  laser 


To  obtain  the  temperature  one  may  use  the  ratio  of  the  Stokes  to 


anti-Stokes  intensity  for  a  given  specie,  which  at  equilibrium  taking 


account  of  the  Boltzman  factor  results  in 


One  may  also  obtain  the  temperature  from  the  ratios  of  intensities  of 


rotational  lines,  or  from  the  hot  bands  of  the  resolved  Q-branch  of 


the  vibrational  lines.  These  and  other  methods  of  temperature 


measurement  using  the  Raman  effect  are  discussed  in  the  cited  refer 


In  any  case,  it  is  clear  from  equations  1  and  2  that  the 


concentration  and  temperature  of  a  specie  in  a  flowfield  is  measur 


able  nonintrusively ,  and  when  a  high  power  short  duration  laser  pulse 


is  used,  instantaneously  and  simultaneously 


As  far  as  the  LDV  is  concerned,  Ref.  15  it  is  well  known  that 


the  theoretical  basis  for  this  technique  is  the  Doppler  effect. 
Assuming  that  all  the  conditions  for  proper  operation  of  the  LDV 
are  met,  Including  the  proper  number  and  size  of  the  scattering 
particles  in  the  scattering  volume,  the  velocity  measurement  is 
reduced  to  a  frequency  measurement.  For  a  dual  scatter  Doppler 
system  the  frequency  becomes: 

.  2V|lnii2 
d  A 

o 

The  velocity  signals  obtained  from  frequency  signals  processed  ap¬ 
propriately  can  be  stored  in  the  form  of  a  histogram  in  the  memory 
of  an  on-line  computer  and  later  processed  to  yield  desired  informa¬ 
tion.  Thus  with  the  usual  definition  of  the  velocity  in  a  turbulent 
flow  as  consisting  of  the  mean  and  fluctuating  component  u  =  u  +  u^, 
the  mean  velocity  in  a  1  dimensional  L.D.V.  may  be  obtained  from 

1  k 

u  =  -  E  f.u.  (4) 

n  i-1  1  1 

k 

where  n  -  E  f  is  the  total  number  of  observations,  and  f .  is 
i=*  1  1 

the  number  of  samples  of  the  total  number  of  observations  having 
the  velocity  u.. . 

From  the  mean  velocity  and  the  stored  individual  velocities  the 
standard  deviation  may  be  obtained  which  is  nothing  less  than  the 
turbulent  intensity.  Thus 


[”  .  2  *  ,  .2nl/2 

nE  f.u.  “  (E  f.,u.)  I 

i=  1  1  i-1  ! 

n(n-l)  J 


As  indicated  previously,  the  concentration  of  species  and  their 
temperature  can  be  obtained  instantaneously  (~10-15nsec)  and  simul¬ 
taneously  using  the  high  power  short  time  duration  laser  pulse  tech- 


nique  by  means  of  the  Raman  effect.  The  question  arises  if  it  is 
possible  from  the  instantaneous  Raman  data  to  deduce  some  informa¬ 
tion  concerning  the  concentration  (density)  and  temperature  fluctua¬ 
tion  in  a  flow  field?  To  answer  that  question  on;  need  only  con¬ 
sider  the  data  reduction  scheme  of  the  LDV.  The  ms. in  velocity  is 
obtained  from  a  histogram  of  individual  velocities  according  to 
equation  4.  Proceeding  che  same  way  with  the  concentration  and 
temperature  data  which  may  be  defined  in  an  analogous  manner  as 
C  =  C  +  C'  and  T  *  T  +  T' ,  it  is  possible  to  obtain  the  mean  concen¬ 
tration  and  temperature.  Continuing  the  same  way  as  with  the 
velocity  fluctuation  or  turbulent  intensity,  it  is  possible  to 
utilize  equation  5  again  and  obtain  the  concentration  and  tempera¬ 
ture  fluctuation  in  the  given  flow. 

It  has  been  shown  (Hilst,  et  al,  Gupta  and  Wakelyn,  Donaldson 
and  Varma)  that  in  chemically  reacting  flows  "the  effects  of  concen¬ 
tration  fluctuations  can  be  significant  to  the  point  of  dominating 
the  chemical  reaction  rates".  It  is  pointed  out  that  for  a  strongly 

skewed  distribution  of  C  and  C„  in  a  two  specie  reaction  case, 

a  p 

where  the  concentration  fluctuations  become  dominant  the  third  order 
correlations  of  these  distributions  must  be  included  in  the  general¬ 
ized  chemical  kinetic  model.  In  the  case  of  a  turbulent  chemically 
reacting  flow,  where  the  reaction  rates  are  fast  and  the  scale  of 
turbulence  is  large,  the  reaction  model  based  on  mean  value  chemistry 
may  be  substantially  in  error.  It  is  therefore  necessary  in  chemi¬ 
cally  active  turbulent  flows  to  include  second  and  higher  order  cor¬ 
relations  involving  the  concentration  fluctuations.  These,  as  defined 


by  Hilst  et  al,  are: 


(6) 


CaV  5  l  ",  <c„rCa>  <C6,-C8> 

where  n  ^  is  the  frequency  of  occurrence  of  the  joint  values  of 

C  . ,  C„ . ,  N  *  Z  n.  and  C  and  Cc  are  the  concentratioas  of  species 
oil  pi  oi  p 

a  and  0. 

ca2c6‘  1  ^"1  (Cal-fa>2  <C8i-5B)  (7> 


c'c'2 

a  0 


,2 


N  ^  ni  (Cai~Ca)  ^C0i~C0^ 


Since  the  spontaneous  Raman  effect  used  as  indicated  previously  is 
capable  of  providing  the  concentrations  and  temperatures  of  a  num¬ 
ber  of  species  in  a  mixture  simultaneously,  a  simple  processing 
procedure  according  to  eq .  6,  7  and  8  would  provide  the  desired 
parameters . 

With  all  of  the  basic  data  stored  in  the  data  acquisition 
memory  system,  it  is  quite  simple  to  construct  a  number  of  correla¬ 
tions  of  interest,  for  example,  a  correlation  between  the  velocity 
and  concentration,  velocity  and  temperature  or  temperature  and  con¬ 
centration  etc. 

In  situations  where  the  spontaneous  Raman  signal  is  low,  be  it 
due  to  low  concentration  of  the  specie  of  interest  or  low  primary 


power  available  or  allowable  to  be  applied,  and  the  subsequent  low 
signal  to  noise  ratio,  a  nonlinear  Raman  process,  the  so  called 
Coherent  anti-Stokes  Raman  scattering  process  may  be  utilized. 

The  coherent  anti-Stokes  Raman  scattering  (CARS)  (Begley,  et 


al,  Reguier,  et  al,  Moya,  et  al)  process  may  be  quantitatively  des¬ 
cribed  as  a  process  by  which  a  photon  interacts  with  a  tunable 
photon  v2  (Stokes  photon  of  the  given  specie  of  interest)  through 
the  third  order  non-linear  susceptability  to  generate  a  polariza- 
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performing  a  difficult  measurement  or  not  performing  it  at  all- 
in  a  later  section  an  example  of  such  a  measurement  will  be  shown. 

III.  EXPERIMENTAL  APPARATUS 

The  experimental  apparatus  utilized  in  this  work  is  shown 
diagramatical ly  in  Fig.  1,  2  and  in  Fig.  3.  A  complete  description 
of  the  apparatus  of  Fig.  1  and  2  is  given  in  Refs.  1,11.  The  individu¬ 
al  components  are  indicated  on  the  schematic  diagrams. 

The  apparatus  of  Fig.  3  present  a  schematic  diagram  of  an  ex¬ 
periment  where  the  temperature  and  concentration  of  an  ionized  specie 
behind  a  reflected  shock  in  a  shock  tube  are  measured.  As  is  clear 
from  the  figure,  a  Ruby  laser  pulse  is  incident  at  the  reflected 
shock  in  the  shock  tube,  and  the  Stokes  and  anti-Stokes  radiation 
of  an  ionized  specie  is  measured  at  90°  to  the  incident  radiation. 

Here  a  1  joule  Ruby  laser  as  shown  in  Fig.  2  is  utilized  in  combina¬ 
tion  with  proper  synchronization  and  measuring  photo-multiplier  tubes. 
The  data  are  fed  to  the  data  acquisition  system,  where  it  is  pro¬ 
cessed,  reduced  and  presented  in  the  appropriate  form. 

IV.  EXPERIMENTAL  RESULTS 

With  the  apparatus  described,  a  series  of  tests  have  been  con¬ 
ducted.  The  purpose  of  these  tests  was  the  demonstration  of  the  ap¬ 
plicability  of  the  integrated  Raman-LDV  system  and  the  presentation 
of  some  turbulence  related  data  obtainable  from  the  pulsed  Raman 
system,  as  well  as  the  ability  to  obtain  some  correlation  data.  Thus 
Fig.  4  presents  normalized  axial  velocity  profiles  and  turbulence 
intensities  of  a  single  jet.  Fig.  5  shows  the  normalized  concentra¬ 
tion  profiles  of  a  single  jet.  Fig.  6  presents  normalized  velocity 
profiles  in  a  coaxial  turbulent  diffusion  jet  and  flame  followed  in 
Fig.  7  by  the  normalized  axial  concentration  profiles  of  N2  of  the 


same  coaxial  turbulent  diffusion  jet  and  flame.  In  Figures  8-11 
data  correlations  of  the  first  and  second  order  are  presented. 

These  relate  to  concentration-concentration  correlations  and  to 
velocity  concentration  correlations.  The  significant  point  about 
those  data  is  that  they  were  obtained  in  reactive  and  nonreactive 
flow  fields  nonint r us ive ly  and  therefore  may  be  considered  as 
quite  reliable. 

In  Fig.  12  a  normalized  plot  of  the  velocity  profiles  in  a 
cold  jet  and  a  flame  are  shown.  The  intersection  of  the  axis  of 
the  jet  by  the  data  line  indicates  the  length  of  the  potential 
core,  and  the  slope  of  the  line  the  exponential  law  describing  the 
jet. 

As  mentioned  previously,  the  spontaneous  Raman  diagnostic 
technique  has  some  limitations  in  terms  of  the  signal  to  noise 
ratio.  In  cases  where  the  concentration  is  low  or  the  permissible 
applied  laser  power  is  limited  or  the  environment  is  such  that  the 
signal  to  noise  ratio  is  insufficient  to  perform  meaningful  measure¬ 
ments  using  spontaneous  Raman  diagnostics,  the  CARS  system  may  be 
very  useful.  Figures  13  and  14  show  the  results  of  measurements  in 
sooty  air  methane  flames  of  the  unburnt  methane  in  the  flame  using 
CARS.  No  response  could  be  obtained  using  spontaneous  Raman  diag¬ 
nostics.  It  is  worthwhile  noting  that  the  maximum  methane  concentra¬ 
tion  measured  at  X/d  =  1  was  insufficient  to  produce  a  measurable 
reproducible  signal' using  spontaneous  Raman.  The  CARS  system  utilized 
here  was  of  the  coaxial  type  as  is  apparent  from  the  schematic  diagram 
of  Fig.  2  and  discussed  in  Ref.  11. 

To  indicate  the  scope  of  the  applicability  of  the  high  power 
single  pulse  spontaneous  Raman  diagnostic  technique  an  experiment  has 
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been  conducted  as  indicated  schematically  in  Fig.  3.  Here  the 
temperature  and  concentration  of  ionized  species  behind  a  re¬ 
flected  shock  are  measured.  While  other  methods  for  the  measure¬ 
ment  of  the  gas  properties  behind  a  reflected  shock  are  available. 

Refs.  16-18  this  experiment  has  been  conducted  to  show  the  scope  of 
the  applicability  of  this  technique. 

Thus  Fig.  15  indicates  the  normalized  density  behing  the 
reflected  shock  as  a  function  of  incident  Mach  no.  compared  to  the 
theoretical  values.  As  is  evident,  with  the  increase  in  incident 
Mach.  no.  and  the  consequent  increase  of  the  no.  density,  the 
measured  and  the  computed  concentration  fall  closer  together,  and 
at  the  upper  end  of  the  measured  interval  the  agreement  is  quite 
good.  The  same  is  apparently  true  for  the  temperature  Fig.  16  behind  the 
reflected  shock  although  to  a  lesser  extent  in  absolute  limits. 

The  higher  number  density  of  the  ionized  specie  and  the  consequent 
higher  signal  to  noise  ratio  evidently  contribute  to  more  reliable 
measurements  at  the  upper  Mach  number.  Fig.  17  indicates  the 
normalized  total  pressure  and  partial  pressure  of  N  *  compared  to 
the  computed  values  predicted  by  theory.  At  this  point  it  must  be 
noted  that  while  the  concentration  of  N*  behind  the  reflected  shock 
at  higher  Mach  numbers  exhibits  good  agreement  with  theory,  the 
temperature  which  is  obtained  according  to  Equation  2,  from  the 
ratio  of  the  Raman  Stokes  to  the  anti-Stokes  intensity  still  ex¬ 
hibits  excessive  scatter.  Here  it  is  believed  the  bandpass  of  the 
available  anti-Stokes  filter  which  was  higher  than  the  bandpass 
of  the  Stokes  filter  contributed  to  some  excessive  noise.  This 
measurement,  irrespective  of  the  absolute  values,  establishes  in 
principle  the  applicability  of  the  spontaneous  Raman  effect  to  the 
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measurement  of  ionized  species  and  temperatures  nonintrusively 
and  remotely.  The  shock  tube  data,  considering  the  size  of  the 
shock  tube  used,  the  size  of  the  access  windows  and  the  diffi¬ 
culties  encountered  in  general  in  any  limited  accessiblity 
system,  indicate  that  those  remote  nonintrusive  diagnostic  tech¬ 
niques,  are  at  this  time  working  techniques  that  can  be  applied 
to  a  variety  of  problems  and  invaluable  data  may  be  obtained 
utilizing  these  techniques.  This  however,  does  not  mean  that  all 
problems  associated  with  those  techniques  have  been  fully  re¬ 
solved.  There  is  still  a  great  deal  that  can  and  should  be  done. 
It  is  possible  that  a  major  portion  of  the  outstanding  problems 
associated  with  those  remote  techniques  can  be  solved  in  the 
process  of  applying  those  techniques  to  practical  problems,  which 
require  experimental  data  and  which  were  unobtainable  with  the 
conventional  techniques. 
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FIG.  II  2  ORDER  N2-C02  CONCENTRATION  CORRELATION 
VS  NORMALIZED  AXIAL  DISTANCE  -  SINGLE  JET 


FIG.  12  VELOCITY  RATIO  VS  NORMALIZED  AXIAL  DISTANCE 
SINGLE  JET 
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